The emergence of multi-drug resistant bacterial pathogens is generating enormous public health concern, and highlights an urgent need for new, alternative agents for treating multi-drug-resistant pathogens. The gene products essential for bacterial growth in vitro and survival during infection constitute an initial set of protein targets for the development of antibacterial agents. In this study, we employed regulated gene expression approaches and demonstrated that a putative glycoprotease (Gcp) is required for staphylococcal growth in the culture. We found that Staphylococcus aureus becomes more sensitive to the Zn 2+ ion under the downregulation of Gcp expression in vitro. Bioinformatic analyses demonstrated that Gcp is conserved in many Gram-positive pathogens and exists in a variety of Gram-negative pathogens. Our results indicate that Gcp is a potential novel target for the development of antimicrobials against S. aureus infection.
Introduction
The emergence of multi-drug resistant bacterial pathogens, especially methicillin-resistant and vancomycin intermediate-resistant Staphylococcus aureus, is generating enormous public health concern. Many of these pathogens are capable of causing severe and even fatal infections with limited options for therapy. The slowdown in the discovery of novel classes of antibiotics in the past few decades and the recent downturn in antibacterial discovery and development in the pharmaceutical industry is making us more vulnerable to emerging resistance [1] [2] [3] . Therefore, there is an urgent need for new, alternative agents for treating multidrug-resistant pathogens. One strategy to develop new antibacterial agents is to identify and explore novel molecular targets of the pathogens [4, 5] . The gene products essential for bacterial growth in vitro and survival during infection constitute an initial set of protein targets for the development of antibacterial agents [6] .
The glycoprotease was first discovered in the culture supernatant of Pasterella haemolytica A1 associated with bovine pneumonic pasteurellosis [7] . The glycoprotease of P. haemolytica A1 is highly specific for O-glycosylated glycoproteins including the human cell surface glycoproteins, glycophorin A, CD34, CD43, CD44 and CD45 [8] , the ligands for P-and L-selectins [9] , the tumor antigen epitectin, the vascular adhesion protein VAP-1, and a brain glycoprotein, cranin [10] . The glycoprotease has been extensively used for structural and functional analysis of cell surface glycoproteins due to its specificity [11] . A similar protein from Escherichia coli was thought to be involved in the regulation of a macromolecular operon [12] . Mutation of the glycoprotease can reduce salt tolerance, alter pigmentation and change cyanophycin accumulation in the Cyanobacterium Synechocytsis sp. [13] .
In this study, we employed the regulated gene expression approach and demonstrate that the putative glycoprotease is required for staphylococcal growth in the culture. We found that S. aureus becomes more sensitive to the Zn 2+ ion under the downregulation of Gcp expression in vitro. Our results indicate that Gcp is a potential novel target for the development of antimicrobials against S. aureus infection.
Materials and methods

Bacterial strains and media
Escherichia coli DH10B was used as a host for recombinant plasmids. E. coli DH10B carrying plasmid pYH4 [14] or gcp antisense vector was incubated at 37°C in LB medium containing erythromycin (Erm; 300 lg/ml). S. aureus RN4220 was used as a host cell and was grown at 37°C in tryptic soy broth (TSB). S. aureus control strain, RN4220/pYH4, hla antisense strain, RN4220/ hla-as, functional unknown essential gene antisense strain, RN4220/pYJ909, and gcp antisense strain, RN4220/gcp-as were incubated at 37°C in TBS containing erythromycin (5 lg/ml).
Construction of gcp antisense expression strain
To construct the gcp antisense expression strain, a restriction enzyme AscI linker GGCGCGCC, which few genes possess due to the low G + C% in S. aureus DNA, was added to a forward primer. Also, a high fidelity pfx DNA polymerase was selected for PCR to generate blunt end products. S. aureus RN4220 genomic DNA was used as a template for PCR using pfx DNA polymerase according to the manufacturerÕs instructions (Invitrogen, CA). The gcp fragment was digested with AscI, purified, and directly cloned into the PmeI and AscI sites in an antisense orientation of the shuttle vector pYH4 as described [14] . The ligated DNA was electroporated into E. coli using erythromycin for selection. These recombinant plasmid DNAs were confirmed to be correct by colony PCR analysis using a pair of plasmid specific primers. Antisense constructs were purified, confirmed by DNA sequencing, then electroporated into laboratory S. aureus RN4220 using erythromycin for selection [15] . 0 -ATGC GGATCCTTACTCACCTACTG-CGTCATCTC GTGTTTCACC-3 0 (containing EcoRI and BamHI sites, respectively) were used to PCR amplify, from S. aureus RN4220 genomic DNA, a 0.5 kb fragment from the 5 0 end of gcp, including a putative ribosome binding site. The PCR fragment was digested with EcoRI and BamHI and cloned into pSMUTery integration vector (a derivative of pMUTIN4 without the lacZ gene, a gift from Simon Foster, University of Sheffield, UK). The resulting integration plasmid was transformed into S. aureus RN4220 by electroporation following a described procedure [15] . The single crossover insertion-generated strain RN4220::Pspac-gcp was resistant to erythromycin as expected.
Southern blot analysis
To confirm the construction of Pspac-regulated gcp mutant, the chromosomal DNA was purified from the mutant RN4220::Pspac-gcp and wild-type strain RN4220 using the Genomic DNA Purification Kit (Promega), followed by digestion with HindIII. The Southern blot and DIG-gcp probe labeling were performed as manufacturerÕs manual (Roach).
Titration of bacterial growth
Staphylococcus aureus growth curves were obtained using an automated microtiter plate format. S. aureus strains were incubated at 37°C overnight in TSB with appropriate antibiotics. The cultures were diluted to 10 4 CFU/ml with TSB containing appropriate antibiotics, ions, and anhydrotetracycline (ATc) at concentrations of 0, 10, 50, 100, 250, 500, or 750 ng/ml; or IPTG at concentrations of 0, 1, 5, 10, 25, 50, 75, and 100 lM. Cell growth was monitored at 37°C by measuring OD 600 nm every 15 min with 1 min mixing before each reading.
Cloning, expression and purification of gcp-his tag fusion protein
As a first step to determine the biological function of Gcp, a gcp-his tag fusion protein was expressed and purified. The gcp coding region was obtained by PCR from S. aureus and cloned into NdeI and XhoI sites of the E. coli expression vector pET24b. The recombinant DNA (pETgcp) was confirmed by PCR and DNA sequencing (data not shown) and transformed into E. coli strain BL21. The transformants were incubated until mid-log phase (OD 600 nm = 0.4) and then followed by induction of gcp expression by adding IPTG (final concentration 1 mM). After 2 h of incubation, cells were harvested and lysed by sonication. The expression of Gcp was confirmed by SDS-PAGE followed by Coomassie bright blue staining ( Fig. 5(a) ).
To purify the Gcp-his tagged protein a 500 ml culture of the BL21 (DE3) containing pETgcp was induced, and cell pellet was collected and lysed in the buffer (8 M urea, 0.1 M NaH 2 PO 4 , 0.01 M Tris-Cl, pH 8.0) by incubation at room temperature for 1 h with agitation. The supernatant was collected by centrifugation, applied to the Ni-NTA His-Bind Resin, and incubated for 30 min with shaking. The resin mixture was loaded onto the column and washed twice with washing buffer (8 M urea, 0.1 M NaH 2 PO 4 , 0.01 M Tris-Cl, pH 6.3). The Gcp-his protein was eluted with elution buffer (8 M urea, 0.1 M NaH 2 PO 4 , 0.01 M Tris-Cl, pH 5.6). The purified Gcp was confirmed by SDS-PAGE followed by Coomassie bright blue staining ( Fig. 5(b) ). The purified Gcp was used to immunize the mice for generation of anti-Gcp sera using procedure approved by the University of Minnesota Animal Care and Use Committee.
Northern blot analysis
Staphylococcus aureus strains were grown in TSB with appropriate antibiotics to OD 600 nm of 0.3 with and without ATc (250 ng/ml), and total RNA was extracted by using a Promega RNA kit. Five micrograms of total RNA sample was separated by electrophoresis on a 1.2% agarose gel containing 1.8% formaldehyde gel and blotted onto a nylon membrane. The RNA was cross-linked to the membrane by UV irradiation. Blots were assayed as previously described [16] using DIG-labeled gcp oligo (5 0 -GTTCAGCGATTAATTGT-TGCCGGTGGCGTGGCGAGTAATAAAGGATTA-CG-3 0 ) specifically hybridized with gcp antisense RNA.
Western blot analysis
Staphylococcus aureus strains were incubated in TSB with appropriate antibiotics, in the presence of inducer (ATc, anhydrotetracycline; or IPTG) at 37°C overnight. Cell pellets from 1 ml of culture at OD 600 nm of 1.0 were collected by centrifugation and washed once with 1 ml of PBS. Whole cell lysates were prepared as described [14] . Equal amounts of proteins samples were loaded onto a sodium dodecyl sulfate (SDS)-polyacrylamide gel and Western immunoblotting was performed as described [16] .
Bioinformatic analysis of gcp
To determine if the gcp locus exists in different organisms, the homolog and/or ortholog of gcp were identified by Blasting against the NCBI database. A similar alignment and phylogenetic methodologies were applied to Gcp using the program CLUSTALW (DNA Star).
Results and discussion
We examined whether the impact of gcp antisense RNA on bacterial growth is titratable in the liquid tryptic soy broth (TSB) medium in the present of various concentrations of inducer. The bacterial growth was kinetically measured using a SpectrMaxPlus384 spectrometer (Molecular Devices, Inc., California) in a 96-well format as described [14] . The S. aureus strains carrying parent plasmid or carrying non-essential hla (encoding a-toxin) antisense fragment were used as controls. The results showed that the control strains (RN4220/pYH4: RN4220 carrying a parent vector and RN4220/hla as: RN4220 carrying a hla antisense expression vector) did not show a significant growth difference in the presence of different doses of inducer ATc ( Fig.  1(a) and (b) ). In contrast, induction of gcp antisense RNA expression significantly inhibited and terminated bacteria growing in a dose-dependent manner (RN4220/gcp-as, Fig. 1(c) ). This result is consistent with previous reports [17, 18] and indicates that Gcp is required for S. aureus growth.
Regulated promoter approach demonstrated Gcp is essential for bacterial growth
In order to further confirm the essentiality of Gcp for bacterial growth, we employed an alternative approach to examine the dependence of growth on the expression of Gcp. A Pspc-promoter regulated gcp mutant was constructed in S. aureus (Fig. 2(a) ) as described [19] and confirmed by Southern hybridization (Fig. 2(b) ). The native gcp N-terminal region was truncated by insertion in a plasmid, and a Pspc-promoter was placed upstream of gcp. A map of the resulting regulated strain RN4220::Pspsc-gcp is shown in Fig. 2(a) . To ensure sufficient repressor levels, the LacI-expression vector pFF40 [19] was introduced in the strain RN4220::Pspacgcp to result in RN4002::Pspac-gcp/pFF40.
The IPTG dependent growth was detected by measuring the cell density (OD 590 nm ) every 15 min (Fig. 3) . Without IPTG, the regulated gcp mutant strain was incapable of growth; in contrast, addition of 5 lM of IPTG to the mutant strain restored its ability to grow to normal levels. No effect of IPTG on growth was observed in the control wild-type strain (data not shown). Furthermore, it was found that without a complementary gcp copy, mutation of gcp is non-viable in S. aureus (data not shown). These results collectively demonstrated that the putative Gcp is essential for cell viability.
Characterization of conditional gcp mutant strains
In order to examine whether the inhibition of bacterial growth is caused by the downregulation of Gcp expression with gcp antisense RNA, we characterized the production of transcripts of the gcp fragment in response to ATc induction and determined the effects of this induction on Gcp expression. First, we examined the expression of gcp antisense RNA in the TetR-regulated gcp antisense strain before and after the induction using Northern blot assay. The results show that there was no expression of gcp antisense RNA in the control strain (RN4220/pYH4); in contrast, gcp antisense RNA was significantly overexpressed in the TetR-regulated gcp antisense strain after the induction with ATc (Fig. 4) .
Second, we examined the effect of the induced gcp antisense RNA on the level of the endogenous Gcp protein. In order to generate Gcp antibodies, the Gcp-his tag fusion protein was purified from E. coli and confirmed by SDS-PAGE. The results showed that Gcphis was significantly expressed at an expected size after induction with IPTG (Fig. 5) . The purified Gcp-his fusion protein was used to immunize the mice for induction of Gcp antibodies, which was used for immunoblotting Gcp. The results showed the whole cell lysates of RN4220/gcp-as without induction of gcp antisense RNA reacted strongly with the anti-Gcp antisera (Fig.  6(a) ). Following an induction, the level of Gcp expression significantly decreased in a dose-dependent manner. In contrast, the reactivity of whole cell proteins of the control strain RN4220/pYH4 against anti-Gcp antisera was not affected with ATc induction. This result indicates that induced gcp antisense RNA effectively downregulate endogenous gcp expression.
On the other hand, in order to demonstrate that growth of the Pspac-regulated gcp mutant is dependent on induction of Gcp production, we examined the level of Gcp protein after IPTG induction. The result shows that the production of Gcp protein significantly increased in response to IPTG induction in a dose-dependent manner (Fig. 6(b) ). The results above suggest that the growth of the conditional regulated gcp mutants is dependent on Gcp production, and demonstrate the requirement of Gcp for bacterial survival. ions inhibit enzymatic activity of the O-sialoglycoprotein endopeptidase (Gcp) from P. haemolytica [20] .
The results above clearly demonstrated that Gcp is required for S. aureus survival in the culture. Therefore, it is reasonable to hypothesize that the inhibition of Gcp activity may be one-potential mechanism of toxicity of these heavy metal ions for bacterial cells. To test this hypothesis, we examined the effect of downregulation of Gcp expression on bacterial sensitivity to these ions. The results showed that the addition of Cu 2+ (5 mM), Hg 2+ (0.1 lM), or Ni 2+ (1 mM) has no specific effect on the inhibition of growth during downregulation of Gcp (data not shown). This inconsistency with previous report may be due to the difference in Gcp between bacterial species or due to the difference between in vitro and in vivo assay. Addition of up to 1 mM Zn 2+ had no significant effect on growth of the wild-type control (Fig.  7) , RN4220/pYH4, and an unrelated essential gene antisense control (data not shown). In contrast, addition of up to 1 mM Zn 2+ significantly increased the bacterial sensitivity to gcp antisense RNA (Fig. 7) . A bioinformatic analysis indicated that S. aureus Gcp consists of 341 aa with approximately 35-36 kDa, and has a putative zinc binding motifs of HHIAGH (data not shown). However, it remains unknown whether zinc can specifically bind with such a putative zinc binding motifs of Gcp. These results indicate that the inhibition of bacterial growth by a higher concentration of zinc ion is likely due to the inactivation of Gcp activity, and that Gcp may be an important chelator of excess zinc.
It was reported that mutation of gcp lead to reduced salt tolerance, altered pigmentation, and cyanophycin accumulation in the Cyanobacterium Synechocystis sp. strain [13] . No such phenomena were observed in S. aureus while down-regulation of the gcp expression (data not shown). Based on the known function of Gcp protein in P. haemolytica [7, 20] , it is difficult to explain the reason that Gcp is required for some bacterial survival. In order to investigate why Gcp is important for growth, we examined the impact of downregulation of Gcp production on gene expression using microarray analyses. The preliminary results (unpublished data) indicate that Gcp may possess multiple functions and regulate expression of genes involved in pathways critical for bacterial survival.
Bioinformatic analysis of gcp
Using gcp DNA sequences to Blast against the microbial genome database (NCBI), we found that the gcp locus exists in all published S. aureus genomes. The amino acid sequences of Gcp are highly conserved with 98-100% identity among strains. Different Gcp orthologs have been found in various Gram-positive and Gramnegative pathogens including Bacillus anthrax, Streptococcus pyogenes, E. coli, etc., which have more than 42% amino acid identity (data not shown). The similarity of the staphylococcal Gcp was much greater to prokaryotic Gcp than eukaryotic proteins. More importantly, human metallopeptidase has different biochemical features, including length of amino acids, pI, and molecular weight, compared with S. aureus Gcp (data not shown). Furthermore, based upon the protein subcellular localization predication analysis the eukaryotic Gcp may be located in mitochondria [21] . These data make it likely that species-selective Gcp inhibitors can be developed to act as antibacterial agents.
In conclusion, Gcp widely exists in a variety of Grampositive and Gram-negative pathogens. We demonstrated that the putative glycoprotease is required for S. aureus survival by using two different conditional regulated mutagenesis approaches. We performed a titration assay of Gcp and demonstrated that the heavy metal ion, zinc, can inhibit bacterial growth by specific inactivation of Gcp activity. The results collectively indicate that Gcp is a potential novel target for the development of broad spectrum antibacterial agent. Investigations of the pathway involved in Gcp by using microarray and proteomic approaches are in progress. 
